In human articular joints, synovial fibroblasts (HSFs) have essential physiological functions that include synthesis and secretion of components of the extracellular matrix and essential articular joint lubricants, as well as release of paracrine substances such as ATP. Although the molecular and cellular processes that lead to a rheumatoid arthritis (RA) phenotype are not fully under- 
INTRODUCTION
In mammalian articular joints two types of cells, chondrocytes and fibroblasts, are mainly responsible for maintaining the essential elements of mechanical function (Kiener et al., 2010) . The physiological roles of these cells include synthesis and secretion of components of the pericellular/extracellular matrix (e.g. collagen) as well as production of articular joint lubricants, including hyaluronan and proteoglycan 4 (or lubricin) (Solka, Schmid, & Miller, 2016) . Both synovial fibroblasts and chondrocytes are also significant sources of paracrine substances (e.g. ATP) as well as cytokines and chemokines (McInnes & Schett, 2007 In increasingly common pathophysiological settings in humans, there are progressive changes in the cell physiology of articular joints and resulting dysfunction. For example, the synovial fibroblast or synoviocyte is a featured target cell in the initiation and progression of rheumatoid arthritis (RA) (Kramer, Wibulswas, Croft, & Genot, 2003; Turner & Filer, 2015) . The chondrocyte cell population appears to have a somewhat similar profile in osteoarthritis (OA) (Klein, 2009; Del Ray et al., 2012 • What is the main finding and its importance?
In human synovial fibroblasts ATP acts through a linked G-protein (G q ) and phospholipase C signalling mechanism to produce IP 3 , which then markedly enhances release of Ca 2+ from the endoplasmic reticulum. These results provide new information for the detection of early pathophysiology of arthritis.
and to identify key principles needed for understanding essential mechanistic aspects of disease-related changes in synovial fibroblast cell physiology.
The most complete dataset that describes [Ca 2+ ] i -mediated secretion in synovial fibroblasts is from the laboratory of Levick et al. (Ingram, Wann, Angel, Coleman, & Levick, 2008; Momberger, Levick, & Mason, 2006; Wann, Ingram, Coleman, McHale, & Levick, 2009 ) based on their instrumented rabbit knee preparation. These interesting, informative papers have shown that in this preparation:
(i) The secretion of the joint lubricant, hyaluronan, from HSF cells requires, and is strongly modulated by, cyclic movement of the knee joint.
(ii) This secretory activity has an obligatory requirement for [Ca 2+ ] o in the superfusate, and also appears to involve activation of Ca 2+ channels that are expressed in the surface membrane of a subset of the synovial fibroblast cell population.
(iii) The downstream intracellular signalling mechanisms that result in hyaluronan secretion include activation of protein kinase C and mitogen-activated protein (MAP) kinase.
(iv) This excitation-secretion mechanism is enhanced by K + -mediated cellular depolarization, and can also be triggered/initiated by a number of paracrine agents, including ATP.
Analogous studies of the role of changes in [Ca 2+ ] in HSF activation/function are limited to findings from synoviocytes that have been maintained in conventional 2-D cell culture after being isolated from synovial membranes. These studies have revealed that:
(i) Activation of these 'synoviocytes' by acidic pH o , ATP, thermal stimuli or mechanical perturbation occurs via a G-proteinmediated mechanism and invariably involves a relatively large transient increase in [Ca 2+ ] i (Christensen, Kochukov, McNearney, Taglialatela, & Westlund, 2005) .
(ii) The surface membrane ion channels that are involved include one member of the acid-sensitive or ASIC family, as well as one or more members of the TRP channel family (Ciurtin et al., 2010; Itoh et al., 2009 ).
(iii) Specific subtypes of Ca 2+ -activated K + channels are expressed in HSFs and the density of these channels can be modulated by growth factors such as transforming growth factor (TGF )-1 that are known to increase as arthritis progresses (Friebel, Schönherr, Kinne, & Kunisch, 2015) .
These findings (and others) from human synoviocytes provide a useful background. However, some of these datasets were obtained using synoviocytes from donors having defined stages of rheumatoid arthritis (see Discussion). Moreover, the details of the cell culture procedures and 'ageing' of the cells in culture (passage number) differs among previous studies. These variables are known to cause significant functional/phenotype changes (Rosengren, Boyle, & Firestein, 2007) .
We have taken advantage of access to a well-defined source of healthy human synovial tissue to carry out this study concerning key aspects of [Ca 2+ ] i regulation of function in HSFs. Previous papers have outlined the procedures that we have used for enzymatic isolation, partial purification and 2-D cell culture of these HSF cells (Iqbal et al., 2016) . In the present experiments, the cell isolation, culture and passaging were carefully regulated in an effort to achieve consistency, and a defined physiological stimulus, ATP, was utilized. Changes in [Ca 2+ ] i were monitored using two 
METHODS

Ethical procedures
Samples of synovial membrane were obtained from knee joints of deceased adult donors (after obtaining informed consent) from the Southern Alberta Organ and Tissue Donation Program (SAOTDP). This process ensures that on an individual basis all donors have approved the required tissue transfer, processing and utilization. This study protocol was approved by the University of Calgary Conjoint Faculties
Research Ethics Board (protocol number REB15-1125). In addition, University of Calgary Biosafety/Biohazard permits were obtained and they governed all tissue transfer and handling procedures. All procedures conformed to the principles and regulations described in Grundy (2015) .
Synovial fibroblast procurement and cell culture procedures
Inclusion criteria for these control or healthy cadaveric donations were: an age of at least 30 years; no history of arthritis, joint injury or surgery; no designated co-morbidities (diabetes, cancer, inflammatory diseases, but not including heart disease). An additional criterion was that tissue could be accessed within 4 h of death. The medical history of all donors was screened by SAOTDP (including current medications) to eliminate individuals with a previous history of articular joint disease or other designated co-morbidities. For each sample obtained, cartilage surfaces were visually inspected, and any synovial tissue from joints showing obvious cartilage damage was excluded. Tissues from one female and six male donors, ranging in age from 49 to 67 years (mean 59.0 ± 2.4 years), were used in this study.
Initially, each fresh synovial membrane sample was minced, and then filtered and plated on poly-D-lysine-coated culture dishes in standard culture medium which was maintained at 37 • C, equilibrated with 95% O 2 -5% CO 2 . This culture medium consisted of Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA; cat. no. 11965), supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% non-essential amino acids, 0.2% -mercaptoethanol (all from Thermo Fisher Scientific). After this initial 'preparation' had adhered to the plastic surface, exhibited robust growth, and reached 30-40% confluence, the medium was aspirated and replaced. The remaining partially purified cell population was grown to reach 60-70% confluence, and then mechanically dissociated and resuspended in Dulbecco's phosphate-buffered saline at a density of approx. 10 6 cells ml −1 . At this time, synovial fibroblasts were isolated from other cell types using a magnetic separation procedure (Bertram, Banderali, Tailor, & Krawetz, 2016) . In brief, the total cell population was purified by deleting cells that expressed CD3, CD14, CD16, CD19, CD41a, CD56 and glycophorin A (all from Becton Dickinson (BD), Franklin Lakes, NJ, USA). The resultant cell population was then further purified for cells expressing CD90 (BD). The resulting HSF cells (expressing CD90) were again cultured in DMEM until the preparation was confluent. When HSF cells were to be used for electrophysiological studies, these CD90 positive cells were cultured on small pieces (3 × 5 mm) of glass coverslips. Aliquots of these same CD90 positive cells were flash frozen for later use.
Electrophysiological studies of individual HSF cells
A piece of coverslip with adherent cells was placed in a 200 l recording chamber on the stage of an inverted microscope, and superfused with a HEPES-buffered solution (see below) at a rate of about 1 ml min −1 maintained at a temperature of 20-22 • C. Rapid, localized solution changes in the immediate vicinity of selected cells were made with our multi-barrel superfusion device (Bouchard, Clark, & Giles, 1995) .
Membrane currents and potentials were measured in these single HSFs using amphotericin-perforated whole-cell 'patch clamp' techniques. Cells that were not in contact with their neighbours (lacked obvious visual connections to surrounding cells) were chosen for patch clamp study. Patch pipettes were pulled from borosilicate capillaries, and had a DC resistance of 4-9 MΩ when filled with pipette solution. Recordings of current and membrane potential were made with a Multi-Clamp 700A amplifier (Molecular Devices, Sunnyvale, CA, USA). Signals were digitized with a 1322A Digidata acquisition system (Molecular Devices), stored on a microcomputer and analysed offline with pCLAMP v.8. Plots and statistical analysis were done with SigmaPlot (Systat Software, San Jose, CA, USA) or Prism (GraphPad Software, La Jolla, CA, USA).
Current-voltage relations from selected HSF single cells were obtained using a 'ramp' voltage-clamp protocol. This consisted of a series of 1 s voltage ramps, from −120 or −140 mV, to +90 mV, from a holding potential of −90 mV. Voltage ramps were applied at a rate of 0.2 Hz. In this study, the transmembrane current measurements were not corrected for 'leakage' currents. Cell capacitance (C m ) was obtained by integrating the area of the current transient produced by a +5 mV step from a holding potential of −40 mV. The time course of the transient was inspected for a single phase of decay (reflecting a single cell preparation). Data from cells in which this capacitative transient showed obvious multiple phases of decay were rejected, since it is likely that these cells were electrically coupled to neighbouring cells.
Measurements from 146 'accepted' HSF cells obtained from these seven donors and pooled from cell culture passages 3-9 yielded a mean capacitance of 54.6 ± 1.7 pF. There was no systematic variation in C m amongst the HSF cells that were derived from the different passage number preparations in this study.
Solutions, chemicals, drugs
Analar grade chemicals (Sigma-Aldrich, St Louis, MO, USA) were used to make all solutions. Amphotericin-B and TRAM 34 were obtained from Sigma-Aldrich. The external solution (superfusate) consisted of (mM): NaCl, 140; KCl, 5; CaCl 2 , 2; MgCl 2 1; HEPES, 10; glucose, 5.5; mannitol, 15. pH was adjusted to 7.4 with NaOH. Osmolality was measured with a freezing-point depression osmometer (Model 3250; Advanced Instruments, Norwood, MA, USA) and was in the range 300-310 mosmol kg −1 . In some experiments the NaCl was replaced with N-methyl-D-glucamine (NMDG); pH was adjusted to 7.4 with HCl.
The patch pipette solution consisted of (mM): potassium aspartate, 100; KC1, 20; MgCl 2 , 1; Na 2 ATP, 4; CaCl 2 , 0.85; EGTA, 5; HEPES, 10.
pH was adjusted to 7.2 with KOH. Osmolality of this solution was 284-287 mosmol kg −1 . The approximate pCa of the solution was 7.9.
Amphotericin-B (200 g ml −1 ) was added to the pipette solution from a concentrated stock solution of 20 mg ml −1 in DMSO.
Statistical analysis of electrophysiological data
Averaged data are shown as means ± standard deviation (SD).
Differences between mean values were assessed for statistical significance using Student's t-test; P < 0.05 was taken to indicate a significant difference.
[Ca 2+ ] i measurements in HSF cells
In this study agonist-induced changes in [Ca 2+ ] i were made in both single HSF cells and in homogeneous populations of these cells. Our multicellular measurements were done to identify the major elements of the ATP-sensitive signalling pathway (as shown in Figures 7-10 ).
The first step in preparing HSF cells for these Fluo-4-based analysis of changes in [Ca 2+ ] i , involved thawing the frozen aliquots and then placing them in 2-D cell culture. Cells were grown in a standard culture medium (DMEM, Thermo Fisher Scientific, cat. no. 11965, 10% FBS, 1% P/S, 1% non-essential amino acids, 1% HEPES) in T25 flasks. After 5-8 days (passage no. 2) the rapidly growing HSF population was transferred to a T75 flask to achieve the required 'scale up' in cell numbers needed for a series of measurements (8-10 runs per experimental day), each involving a separate cuvette-based assessment of changes
These HSF cell populations were collected and incubated for 20 min in the dark at 37 • C, equilibrated with 5% CO 2 in complete DMEM; 10 M Fluo-4-AM was added at the start of this loading procedure.
After this incubation, the cells were centrifuged for 2 min at 340 g. To remove the external Fluo-AM dye, the preparation was washed with 1 ml of HEPES buffer consisting of (mM): NaCl, 140; KCl, 5; CaCl 2 , 2; MgCl 2 1; HEPES, 10; glucose 5.5; pH was adjusted to 7.4 using NaOH. This HSF cell preparation was then suspended in 230 l of the HEPES buffer and held for use in the experiments. All fluorescence measurements were carried out using the SLM Series 2 Luminescence As shown in Figure 1 , at defined times in each protocol, a selected concentration of ATP (10-100 M) or histamine (10-100 M) was injected into the cuvette. In each experiment, after this primary test, 100 nM of A23187, a Ca 2+ ionophore, was added to the cuvette cells. This maneuver rapidly released intracellular Ca 2+ , and therefore provided confirmation of the presence of a significant pool of releasable Ca 2+ in the endoplasmic reticulum (Cooper, Szerencsei, & Schnetkamp, 2000; Jalloul, Szerencsei, & Schnetkamp, 2016a,b) . In each such experiment it was possible to determine that this amount of A23187 did not significantly 'cell killing' effects of much higher A23187 levels (cf. Kaneko et al., 1982) .
The illustration in Figure 1b 
Changes in [Ca 2+ ] in single HSF cells
In brief, HSF cells were loaded with Fluo-4-AM, and fluorescence was detected with a photomultiplier via an inverted microscope as we have previously described for other single cell preparations (Bouchard et al., 1995) . A small area (∼50 × 50 m) of a selected single cell was illuminated via a dichroic mirror/filter combination, and the fluorescence signal was collected from that area using the optics of a standard inverted microscope. These raw photomultiplier signals were corrected for background and were normalized so that resting cell fluorescence, F o , was set to unity and relative fluorescence was expressed as F/F o .
Flash photolysis of caged IP 3
A collaboration with Dr. K. Spitzer at the University of Utah also allowed us to employ flash photolysis combined with confocal microscopy to determine whether changes in the intracellular mediator inositol 1,4,5-trisphosphate (IP 3 ) could produce a significant change in [Ca 2+ ] i . In these experiments, initial preparation and culture of the HSF cells was the same as that described above. The procedure for 'loading' of both Fluo-4-AM and IP 3 into a selected cell population and the details of the flash photolysis protocol have been published previously (Swietach, Spitzer, & Vaughan-Jones, 2007) . Intracellular photorelease of caged IP 3 (Thermo Fisher Scientific) was performed in accordance with previously published techniques for releasing caged protons (Swietach et al., 2007) . Cells were loaded at room temperature with 
Quantitative RT-PCR for gene expression in HSFs
HSF mRNA levels for selected ion channel and transporter proteins were determined using the appropriate primer pairs for human gene expression (see Table 1 , provided a qualitative measure of the amount of Ca 2+ stored within the intracellular Ca 2+ compartments (mainly the ER) since it partitions into the cells and permeabilzes these organelles. The last step, addition of Ca 2+ -saponin, completely permeabilizes all cell membranes and saturates Ca 2+ -induced fluorescence of the Fluo-4 in the recording cuvette. Accordingly, in this protocol the second and third steps serve as useful reference points indicating how much Ca 2+ is released within the cell by ATP application. This pattern of responses was consistently observed in more than 30 additional independent applications of ATP at 100 M; similar results, were also obtained when the non-hydrolysable ATP derivative ATP was applied at 100 M. Neither of the polar solvents used to make the stock solution, DMSO (n = 5) or methanol (n = 1) caused any changes in [Ca 2+ ] i . For each experiment, the number of viable HSFs in the cuvette was assessed by determining live, dead and total cell numbers using the standard trypan blue technique measured by an automated cell counter (Countess Automated Cell Counter, Thermo Fisher Scientific).
(b) Summary of the working hypothesis for ATP-induced [Ca 2+ ] i signalling in HSFs. 2-APB, 2-aminoethyl diphenylborinate; CPA, cyclopiazonic acid; DAG, diacylglycerol; dPH, diphenylhydramine; GPCR, G protein-coupled receptor; IP 3 , inositol 1,4,5-trisphosphate; PIP 2 , phosphatidylinositol 4,5-bisphosphate; PLC , phospholipase C
TA B L E 1 Primers for qRT-PCR
Gene Forward Reverse
gene. The relative expression levels were calculated using the ΔΔC T method relative to 18S RNA (Schmittgen & Livak, 2008) . A list of primers used in this study are shown in Table 1 . All primers were obtained from Qiagen. These findings can be put into context with the more extensive reference to information in the NIH selected GenBank database (National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) GSE21959) that is described in the Discussion.
RESULTS
Our overall goal was to identify main components of the cellular/intracellular signalling pathways through which HSFs respond to ATP, since ATP has emerged as an important paracrine mediator in articular joints and other tissues (Bodin & Burnstock, 2001; Garcia & Knight, 2010) . This experimental work consisted of three and the mean peak value was 2.98 ± 1.01. In this experiment the HSF cell was also challenged with an external solution in which Na + (140 mM) was completely replaced with N-methyl-D-glucamine (NMDG). This manoeuvre removes (and reverses) the electrochemical gradient for Na + . One consequence of this is that the Na + /Ca 2+ exchange mechanism not only is reduced but in fact reversed. This 'reverse mode' Na + /Ca 2+ exchange can produce enough Ca 2+ entry to trigger Ca 2+ release from intracellular stores (Horowitz et al., 2005) .
This substitution consistently produced a large and rapid increase in fluorescence in HSF cells. Since our primary hypothesis is that the increase in Fluo-4 fluorescence in response to external application of ATP was mainly due to release of Ca 2+ from intracellular stores, we sought a second independent test for this. Exposure of HSF cells to external solution in which Na + (140 mM) was completely replaced As shown in Figure 3 , these HSF cells also responded consistently to exposure to histamine (Hist) when it was added to the superfusate at physiological levels. Eighteen Fluo-4-AM loaded cells were exposed to 10 M Hist. All cells tested responded to Hist, and the mean ± SD peak fluorescence level of the first exposure to Hist was 3.95 ± 0.85.
Both ATP and Hist were applied to 11 cells, all of which responded to both agonists. Figure 3a shows an example of a HSF cell which exhibited large responses to both ATP and Hist. It was exposed to both 10 and 50 M Hist; peak fluorescence was nearly identical for both concentrations. For the 11 cells in which both ATP and Hist (10 M) were applied to each cell, the mean magnitudes of peak fluorescence produced by each agonist were similar: 3.36 ± 0.73 for ATP and 3.90 ± 1.0 for Hist. Figure 3b summarizes Fluo-4 fluorescence responses of HSF cells to ATP and histamine, BAPTA-AM loading and the 0 Na + -NMDG solutions. Collectively, these results demonstrate that both histamine and ATP can release significant amounts of intracellular Ca 2+ in these HSF cells.
With the data at hand and the approaches that were employed, Note that the reversal potential of this current (approx. −75 mV) and its complete inhibition by TRAM 34 strongly suggest that it is generated mainly by the so-called intermediate Ca 2+ -activated K + current K Ca 3.1 or KCNN4. (b) Results of a quite comprehensive PCR-based scan of the relative levels of main ion channel and/or transporter proteins that would be expected to be found in these HSFs (Bertram et al., 2016; Cahalan & Chandy, 2009; Clark et al., 2017) and/or somewhat similar mammalian fibroblast-like preparations (Cahalan & Chandy, 2009; Feske et al., 2012; Friebel et al., 2015) . Note, by comparing the responses to A23187 (approx. 10 −7 M) in (a-d), none of these manoeuvres significantly change intracellular (ER) Ca 2+ stores. Additional tests confirmed (data not shown) that UTP (either 50 M, n = 2, or 100 M, n = 2) produced similar responses, as did ADP at 100 M, n = 4, or 250 M. In all cases, however, the ADP responses were significantly smaller (approx. 50%) than the 100 M ATP responses (Bhattacharjee et al., 2016; Hui, McCarty, Masuda, Firestein, & Sah, 2012 ; NCBI GEO dataset GSE21959).
ATP-induced signalling in HSF cell populations
The objective of the second part of this study was to identify the major steps or components of the intracellular signalling cascade that are responsible for transduction of the ATP-induced changes in healthy HSF cells, using a multicellular HSF preparation (as described in Methods). Obtaining meaningful datasets proved to be quite straightforward. In combination, our results (Figures 7-10 ) illustrate these reproducible qualitative patterns of responses, obtained using an experimental paradigm that ensures that none of these findings are compromised by the fact that our HSF preparation is not completely homogeneous (Rosengren et al., 2007) . That is, we cannot completely rule out the presence of trace amounts of tissue macrophages in our HSF preparation. In cell physiology experiments based on rabbit synovial tissue, a distinct subset of synovial fibroblasts appears to be responsible for much of the lubricant secretion. Importantly, this initial qualitative analysis provides feasible methodology when judged in terms of the large number of independent measurements that were needed (n = 50-60) and the time available (Bodin & Burnstock, 2001; Braun, Lu, Aroonsakool, & Insel, 2010; Ferreira & Schlichter, 2013) .
The data in Figure 7d , in which the non-selective P 2 Y blocker suramin (100 M) was added to the cuvette prior to adding 100 M ATP, supports this interpretation. In this experiment the typical ATP response (Figure 7a ) was reduced by approximately 50%. Importantly, the data in Figure 7a -c show the responses to A23187 were similar in all of these separate tests. In this and all other experiments in the second part of this study, our analyses of cell viability (at the start of the protocol) were in the 85-99% range (data not shown).
The next series of experiments was performed to determine whether these ATP-induced changes in [Ca 2+ ] i (i) required a transmembrane Ca 2+ influx and/or (ii) were mainly due to release of Ca 2+ from intracellular stores, specifically the ER. Accordingly, and as shown in Figure 8a , ATP (100 M) was added to HSF cells that were pre-incubated in a superfusate that contained 0 mM [Ca 2+ ]. We consistently observed that this manoeuvre did not abolish or even reduce the standard ATP-induced response.
Our test designed to reveal the involvement of Ca 2+ release from ER stores was based on the established rationale that the 'releasable pool' of intracellular Ca 2+ in the ER is markedly reduced after blocking the Ca 2+ pump mechanism, since this pump is responsible for active sequestration of Ca 2+ into the ER (Corbett & Michalak, 2000; Groenendyk, Sreenivasaiah, Kim, Agellon, & Michalak, 2010; Koivumäki, Takalo, Korhonen, Tavi, & Weckström, 2009; Strehler & Treiman, 2004; Michelangeli & East, 2011; Santulli, Nakashima, Yuan, & Marks, 2017) . The data in Figure 8b The results shown in Figure 8d begin to address the site/mechanisms of the ER-mediated Ca 2+ release. The compound 2-aminoethyl diphenylborinate (2-APB, 300 M) was chosen as an effective but non-selective blocker of the family of IP 3 receptors that are localized to the ER (Beech, 2012; Chan et al., 2010; Huang, van Breemen, Kuo, Hove-Madsen, & Tibbits, 2006; Maruyama, Kanaji, Nakade, Kanno, & Mikoshiba, 1997 The experimental results in Figure 9 summarize our attempts to gain new information concerning the identity of the G proteinmediated signal transduction mechanism that is coupled to this purinergic receptor (P 2 Y) pool in HSF cells (cf. Deng, Gerencser, & Jasper, 2015) . This figure also presents data from experiments in which we attempted to determine whether a phospholipase C enzyme mechanism played a significant and immediately downstream role (from the purinergic receptor-G protein complex) as the source of intracellular signalling molecules IP 3 and/or diacylglycerol (DAG) (Kang & Othmer, 2007; cf. Jakus, Simon, Frommhold, Sperandio, & Mócsai, 2009 ). The dataset in Figure 9b shows the effects of a potent and quite selective block of the PLC holoenzyme family.
The compound U73122 at (10 M) completely blocks ATP (100 M), while its inactive analogue, U73343 (10 M), has almost no effect on the release of ATP (100 M) from the ER in HSFs. The data in this figure also provide evidence that the G q -and PLC-mediated steps in this signalling pathway are separate from those directly involved in ER-mediated Ca 2+ release, since the A23187 responses are almost unchanged.
As first shown in Figure 3 , data from the first part of this study established that histamine (10 M) can markedly augment [Ca 2+ ] i while also activating Ca 2+ -activated K + current(s). The results in Figure 10 complement and extend these findings, based on our data depicting [Ca 2+ ] i changes, monitored from HSF cell populations using cuvette-based spectrophotometry. The results in Figure 10a illustrate the response to histamine (10 M). The data in Figure 10b provide evidence that this action of histamine is mediated mainly by the H 1 receptor family since the histamine receptor antagonist diphenhydramine (10 M), when applied by pre-incubation, completely blocks this histamine effect.
Localized photorelease of IP 3
The final set of experiments was performed in an attempt to obtain direct evidence concerning the possibility that IP 3 in fact is an 
DISCUSSION
The ATP-dependent intracellular signalling cascade
Our results reveal that a well-known and very robust Ca 2+ -dependent intracellular signalling pathway mediates (cf. Berridge, Lipp, & Bootman, 2000; Corbett & Michalak, 2000; Deng et al., 2015; Kang & Othmer, 2007 , 2009 Kramer et al., 2003; McInnes & Schett, 2011; Shanfield, Campbell, Baumgarten, Bloebaum, & Sarmiento, 1988) .
As illustrated in Figure 1b and documented in Figures 7-10 Overall, therefore, this cascade has many similarities with the Ca 2+ -dependent signalling mechanism in chromaffin cells that has been well characterized and also mathematically modelled by the Hille group (Horowitz et al., 2005) . Figure 1b illustrates the key components of this signalling pathway and also lists the pharmacological tools (red) that we have utilized to provide evidence for this Ca 2+ -dependent schema in healthy HSF cells.
Relationship of our results to previous findings
As mentioned in the Introduction, the most complete study of the relationships among stimulation/activation and subsequent changes in [Ca 2+ ] i coupled to functional activity (secretion, translation) in synovial fibroblasts or synoviocytes has been published in a seminal series of papers based on collaborative work in the Levick and
Mason laboratories (Ingram et al., 2008; Large et al., 2010; Momberger et al., 2006; Wann et al., 2009 activates a protein kinase C holoenzyme system that is coupled to and also results in MAP kinase activity. Interestingly, however, in this rabbit synovial preparation, ATP is an effective agonist that also produces a significant increase in [Ca 2+ ] i (Large et al., 2010) . Bertram et al., 2016) . Important advances derived from the baseline of healthy HSF preparations or closely related synovial fibroblast cell lines include:
(i) The demonstration that application of superfusate having acidic pH levels results in a large transient increase in [Ca 2+ ] i . This is mediated by a pertussis toxin-dependent G protein (i.e. the G i family) and involves a Ca 2+ and/or Na + influx following activation of one or more of the acid-sensitive or ASIC channels (Christensen et al., 2005; Kolker et al., 2010) .
(ii) A recent report revealing functional activity of the intermediate conductance Ca 2+ -activated K + channel in a HSF preparation and providing evidence that this K + channel expression/activation is enhanced as RA progresses. This expression also appears to be strongly modulated by increased levels of TGF in the articular joint (knee) synovial cavity (Friebel et al., 2015) . A second type of Ca 2+ -activated K + channel, the BK or large conductance subtype, has also been identified in HSF preparations (Berkefeld et al., 2010; Jensen, Strøbaek, Olesen, & Christophersen, 2001; Thompson & Begenisich, 2009 ).
(iii) TRP channel expression and its enhancement by changes in articular joint redox status has also been reported. For example the TRPV4 channel appears to be a significant 'environmental sensor' in synoviocytes (Itoh et al., 2009) . A second independent study provided evidence for a functional role of Transient Receptor Potential Melastatin or TRPM 3 channels as a mechanism for Ca 2+ influx and regulation of hyaluronan secretion (Ciurtin et al., 2010) . 
Previous studies of this HSF cell preparation
A novel feature of our study is the utilization of a preparation of HSF cells isolated from articular (knee) joint donors who had no signs of either RA or OA. In fact, however, these CD90 positive HSF cells have been reported to exhibit some of the characteristics of 'human synovial fluid progenitor cells' (cf. Bertram et al., 2016; De Bari, Dell'Accio, Tylzanowski, & Luyten, 2001; Rosengren et al., 2007; Zimmermann et al., 2001 ). We do not believe that this changes the interpretation of our results since the known factors/manoeuvres that have been reported to enhance this 'stem cell-like phenotype' , e.g. a hypo-osmotic environment or niche and the presence of a proinflammatory milieu, were not present in our 2-D cell culture or [Ca 2+ ] imaging recording conditions (Bertram et al., 2016) . In fact, in a previous electrophysiological study of the basis for the resting membrane potential in these HSF cells, we found that approx. 10%
of the single cell data revealed significant expression of the timeindependent or background inwardly rectifying K + channel I K1 . This K + conductance is found in the progenitor stem population in endothelial cells and is also expressed in a variety of human Induced pluripotent stem cell (iPSC) preparations (Clark et al., 2017 (Kolomytkin et al., 1997 (Kolomytkin et al., , 1999 .
In subsequent studies it will be important to identify the most significant phenotypic changes that can be detected by studying HSF cells derived from synovial tissue obtained from donors having documented and carefully phenotyped stages of both RA and OA (Bartok & Firestein, 2010) . We expect that the data in this paper will be a very valuable starting point. However, we also anticipate that these studies will need to be designed and carried out in such a way that key elements and aspects of a sterile inflammatory environment can 
Physiological/pathophysiological roles of ATP
In addition to its essential role as the primary intracellular energy source for muscle contraction, and a regulator of turnover rate of both the Na + /K + and Ca 2+ pumps, ATP is known to have very important paracrine roles in the immediate extracellular environment in many different tissues (Garcia and Knight, 2010) . Since, ATP is released in conjunction with catecholamines from the 'end terminals' or varicosities of the sympathetic nervous system; accordingly, ATP can function as an autonomic co-transmitter (Bodin & Burnstock, 2001 ). In addition ATP release from red blood cells plays an important (perhaps essential) role as a vasodilator in skeletal muscle microcirculation, thus contributing importantly to match between contractile activity with localized blood flow. In settings of sterile inflammation, and during apoptosis, ATP is released from challenged/damaged tissue via pannexin-activated hemi-channels (Chekeni et al., 2010) . In most tissues ATP has a significant pro-fibrotic effect (Braun et al., 2010) .
These multifactorial roles of or for ATP (or its immediate breakdown product, adenosine) have given rise to the possibility that ATP can function as a critical 'set point' regulator for processes such as fibrosis (Iacobas et al., 2007; Ostrom, Gregorian, & Insel, 2000) .
One key regulator of any such set point paradigm is the capacity of the cell/tissue to regulate the localized ATP concentration by enzymatic breakdown. Interestingly, this HSF cell population expresses the two most prominent ectonucleoside triphosphate diphosphohydrolases, namely ectonucleoside triphosphate diphosphohydrolase (ENTPD)-1 (CD39) and its analogue ENTPD-2 (5'-nucleotidase (NT5E); CD73) ). This appears to also be relevant to key features of the ligand-activated (ATP and histamine) phenotype of their HSF cells.
Translational considerations and future directions/opportunities
The demonstration that HSFs consistently exhibit large changes in [Ca 2+ ] i in response to ATP or histamine, and the related finding that the main source of this Ca 2+ is the ER, has the consequence that the Ca 2+ sequestration or uptake mechanism (pumps) in the ER is of considerable practical/functional importance (Brini & Carafoli, 2009; Koivumäki et al, 2009; Michelangeli & East, 2011; Stammers et al., 2015; Strehler & Treiman, 2004) in both health and disease.
Indeed, as shown in ATP, histamine or ATP plus histamine, and (ii) these HSF cells would be expected to exhibit specific electrophysiological behaviour that is due to activation of 'ER store-operated cation channels' (Alansary et al., 2014; Beech, 2012; Huang et al., 2006; Jairaman & Prakriya, 2013; Lewis, 2011) .
In many different tissues and non-excitable cell types (including those of the immune system), transmembrane Ca 2+ and Na + influx through these I CRAC channels is essential for electrophysiological function and related cell secretion and Ca 2+ -dependent transcription (Corbett & Michalak, 2000; Feske, 2011; Jairaman & Prakriya, 2013; Lewis, 2011; Parekh, 2010; Santulli et al., 2017) . Interestingly, the molecular components of these ER store-operated or I CRAC currents (STIM x and ORAI x ) have been reported to form functional complexes with the Ca 2+ pump SERCA IIA (Sampieri, Zepeda, Asanov, & Vaca, 2009) . A search of the NIH HSF database reveals mRNA for STIM, ORAI and SERCA IIA. These currents can be studied with either manual or semi-automatic patch clamp methods, but we have not done this yet (Alansary et al., 2014) .
As mentioned previously, a prominent downstream effect of activation of these HSF cells by ATP or histamine is the activation of one or more Ca 2+ -activated K + conductances/currents (Berkefeld et al., 2010) . This K + efflux results in a pronounced hyperpolarization (approx. −35 to −70 mV), and this significantly enhances Na + or Ca 2+ entry through either conventional voltage-gated channels or via the store-operated Ca 2+ channels mentioned above (cf. Funabashi et al., 2010; Ohya et al., 2011a, b) . This Ca 2+ influx can activate transcription factors and/or intracellular Ca 2+ -dependent enzymes, e.g. nuclear factor of activated T cells (Bobe et al., 2011) and adenylyl cyclase VIII (Martin et al., 2009) . The consequences of activation of Ca 2+ -activated K + channels has been recognized as providing a potential drug target in a number of different non-excitable cells and related tissues (Jensen et al., 2001) .
Overall the strong dependence of the HSF cell on ER Ca 2+ release, a Ca 2+ -activated K + current and a maintained Ca 2+ influx through I CRAC channels resembles the simple but fail-safe outside-in signalling mechanism that activates T lymphocytes in the setting of sterile immunity (Cahalan & Chandy, 2009; Cahalan et al., 2001; Feske, 2011; Feske, Skolnik, & Prakriya, 2012; Ghanshani et al., 2000) .
More generally the linked P2Y, store-operated Ca 2+ entry and intermediate Ca 2+ -activated K + channel signalling system in HSF cells also resembles the signalling system in rat microglial cells (Ferreira & Schlichter, 2013) .
Finally, it may be possible to gain further insight into the role of cyclic AMP (cAMP) in fibrosis by considering work done in cardiac fibroblasts/myofibroblasts (Lu, Aroonsakool, Yokoyama, Patel, & Insel, 2013 ) along with our findings. In general increased levels of intracellular cAMP have an antifibrotic effect in the heart. Since some isoforms of adenylyl cyclase are Ca 2+ dependent it is possible that both of the agonists described in this paper could reduce fibrosis.
Examination of this possibility and a number of others will be guided and accelerated by recent papers regarding the articular joint transciptome and proteome (Bhattacharjee et al., 2016; Cepika et al., 2017 )-related systems biology methods and approaches (Distler et al., 2005; Groenendyk et al., 2010; Hui et al., 2012; Ogawa et al., 2014; Aitchison and Rout, 2015) and emerging knowledge of the cytokine profile in these joints under baseline conditions and as documented arthritis phenotypes are initiated and progress (Armaka et al., 2008) .
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